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During recent years numerous investigations
have been concerned with the rates of transfer or
exchange of various substances across capillary
beds (1-6). These studies, by analyzing curves
of disappearance over several minutes from ar-
terial plasma of intravenously injected tracer sub-
stances, have provided some information relative
to all capillary beds combined. However, this
type of experiment has not permitted a close analy-
sis of the behavior of a substance during its first
passage through a single organ capillary bed.

Recently developed techniques (7-9) now per-
mit the clinical investigator to examine the phe-
nomena of transcapillary exchange of water and
other diffusible substances in local vascular areas.
This study was undertaken in an attempt to de-
termine in vivo the diffusion characteristics of the
pulmonary capillary bed in man with regard to
deuterium oxide and an electrolyte, thiocyanate
ion.

Seven normal subjects and seven patients with
pulmonary congestion due to heart failure were
studied. The resulting data relating to the pul-
monary capillaries were then compared to those
previously obtained using similar tracer substances
in the capillaries of the human forearm (7).
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thors are the result of their own study and do not neces-
sarily reflect the opinion or policy of the Veterans
Administration.

4 Biophysicist, Natioral Heart Institute, National In-
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METHODS

A mixture of a non-diffusible substance (T-1824 or
Evans blue dye) and substances whose diffusion is to be
studied (deuterium oxide and thiocyanate ion) is injected
into an afferent vessel of the organ under study. By
sampling continuously from an efferent vessel for the
period of the first circulation, the transcapillary exchange
pattern can be determined.

The method is based on the principle that the relative
concentrations of a mixture of diffusible and non-diffusi-
ble substances will be changed after passage through a
capillary bed. The concentration of the non-diffusible
substances in the effluent blood provides an index of the
concentration of diffusible substance to be expected if
none of the latter had been lost through the capillary
walls. The difference between this expected concen-
tration of the diffusible substance and that experimentally
determined is a measure of the transcapillary loss (7).

A mixture usually consisting of 10 cc. of deuterium ox-
ide, 10 cc. of 5 per cent sodium thiocyanate and 7 cc. of
0.5 per cent T-1824 dye was mixed well under sterile
precautions. Approximately 20 cc. of this mixture was
then injected rapidly from a calibrated syringe through
an eighteen gauge needle usually into a basilic vein, al-
though in four cases the injection was made through a
cardiac catheter into the main pulmonary artery. Sam-
ples of blood were collected from the femoral artery
through a fifteen gauge needle connected to a short piece
of plastic tubing. Continuous sampling was carried out
from the beginning to sixty seconds after injection. The
blood was collected in paraffined test tubes containing
one drop of dried heparin solution. The injection was
accompanied by a verbal signal to a second assistant who
began to call off second intervals from a stopwatch. The
end of the plastic tubing was then moved from tube to
tube at 2-second intervals until the timed collection pe-
riod was completed. Immediately following the col-
lection of samples the tubes were corked and the blood
mixed with the heparin by gentle inversion. The sam-
ples were centrifuged and the supernatant plasma re-
moved and analyzed for T-1824, SCN, and D2O con-
centrations. A sample of the original or injected mixture
was analyzed similarly.

The Evans blue concentrations were read in terms of
optical density directly in a Coleman junior spectropho-
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tometer. Thiocyanate was determined by the standard
ferric nlitrate method (10). The D.,O concentrations
were determined by a spectrophotometric method based
on the emission spectra of atomic hydrogeni and deuterium
in a high frequency electrodeless discharge (11). This
method is capable of measuring concentrations of deu-
terium as low as 1 part in 6500 with an accuracy of 5
per cent and with correspondingly greater accuracy at
the high concentrations measured in these experiments.
The pulmonary blood flow for each patient was calcu-
lated from the T-1824 dye curve according to the method
of Hamilton, Moore, Kinsman, and Spurling (12). The
pulmonary water flow was calculated from the plasma flow-
by correcting for the hematocrit and the known water con-
tent of human plasma and red cells (7). The concentra-
tions of D20 and SCN to be expected, had there been no
transcapillary diffusion, were calculated from the formula
reported elsewhere (7). The formula for SCNwas modi-
fied for incomplete penetration of red cells as determined
by a separate in zitro determination. The penetration was
found to be 70 rather than 100 per cent, and henice the

hematocrit was multiplied by 0.7 in calculating the ex-
pected concentrations of tiliccyanate.

The difference between these expected concentrations
anid the measured concentrations was expressed as per
cent of expected concentration and plotted against time
for each patient. The extravascular D20 space was cal-
culated according to a method to be discussed later.

RESULTS

Dlcutcriu 11 oxide-nort ial subjlects
In the normal stubjects (Table I) the initial loss

of D,0 in the samples averaged 42 per cent of the
expected concentrations. These values were ob-
tained at a point on the ascending limb of the dye
curve where the concentrations were sufficient to
insure accurate miieasurement. This loss decreased
rapidly and the expected and observed concentra-
tions soon approached each other. In fact. within

TABLE 1

Loss of deuteriuinm oxide from the capillaries of the lItng in normal suibjects

Expected
T-1824 D20

conc. concen-
(opt. dens.) tration

C. (%)

.280 1.02

.590 2.14

.546 1.98

.338 1.23

.380 1.07

.724 2.04

.448 ;1.27

.184 .51

.676 1.08

.736 1.17

.608 .96

.112 .16

.244 .35

.430 .62

.470 .68

.222 .32

.470 .66

.700 .99

.658 .94

.344 .49

.560 .81

.742 1.08

.480 .70

.264 .38

.640 .22
1.270 .44

.996 .35

.546 .19

.296 .10

* Anemia but no evidence of pulmonary or cardiac disease.

Measured
D20

concen-
tration
Co (%)

.56
1.96
2.00
1.40

.64
1.88
1.91

.99

.69

.87

.95

.30

.16

.36

.52

.48

.39

.65

.76

.58

.45

.67

.73

.52

.14

.36

.38

.28

.16

Per cent Slope loss
loss timcD20 time curve

45
8

- 1
-14

40
8

-51
-93

36
26

1
-85

54
42
24

-50

41
35
19

-20

45
38

- 5
-37

38
18

-10
-48
-59

70

78

77

81

78

83

83

Subject

R. P.*

F. H.

C. G.

Nv. wN.

G. Y.

S. P.

M. E.

Time
after

injection
(seconds)

16
22
24
28

25
31
35
39

19
21
23
29

12
14
16
20

17
19
21
25

18
20
22
24

11
13
15
17
19

T- 1824
conc. in
injecta

(opt. dens.)

14.35

15.65

21.85

23.10

26.25

26.00

74.50

Hema-
tocrit

32

32

41

42
42

41

41

42

42

45

45

44

44

36

36

D20
conc. in
injecta

70.40

66.20

51.60

50.50

58.50

58.64

36.14

Appear-
ance

time of
T-1824

(sec.)

12

18

10

9

11

13

6

100%
loss time

(by
extra-

polation)

8

20

10

9

12

16

8

:I
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LIPIDS OF SERUMAND LIVER IN HEPATIC DISEASES

extreme cachexia or with extensive destruction
or degeneration of the parenchyma of the liver.

In general, cholesterol was higher in the pa-
tients with infectious hepatitis than it was in those
with toxic hepatitis. There were, however, dis-
tinct exceptions to this rule. In 2 of the cases
with infectious hepatitis, values below 100 mgm.
per cent were observed. One of these accom-
panied an acute postpartum nephritis. True hy-
percholesterolemia, values greater than 300 mgm.
per cent, was encountered only twice, in conjunc-
tion with acholic stools. It might have been noted
more frequently if patients had been seen earlier
in their illnesses. Illustrative cases are shown
in Figure 5. In 3 cases with somewhat similar
courses, studied only after icterus had begun to
improve, cholesterols lay within normal limits. At
least 1 of these had acholic stools earlier. Of the
8 patients with normal or high cholesterols, only
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1 died; her icterus was a terminal feature accom-
panying pneumonia. Of the 7 with hypocholes-
terolemia (cholesterol less than 150 mgm. per
cent), on the other hand, only 1 survived. It was
noted that this patient had icterus when he was ad-
mitted to the hospital immediately after he had
been scalded. How long the jaundice had persisted
is as uncertain as its origin. As it subsided the
serum cholesterol rose from 66 to 173 mgm. per
cent. This is the only uncomplicated infectious
case in which a cholesterol lower than 100 mgm.
per cent was observed. On the other hand, con-
centrations below 100 mgm. were encountered in
4 patients in the terminal stages of hepatitis caused
by drugs and chemicals. In these, jaundice was a
late phenomenon overshadowed by symptoms of
hepatic insufficiency. A diagnosis of arsphenamine
hepatitis and encephalitis was made on a negress
who, after antisyphilitic treatment, was admitted
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FIG. 2. THE RELATION OF CHOLESTEROLTO ALBUMIN AND TO GLOBULIN IN
THE SERUMOF PATIENTS WITH VARIous TYPES OF LIvR DISEASE
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to the hospital with a temperature of 104.40 F. in
a semistuporous condition, with a number of
anomalous features, including x-ray evidence of
a tumor in the sella turcica. Serum cholesterol
when she was improving was 318 mgm. per cent,
the icterus index was 50. Despite a distortion of
the interrelationships between the lipid fractions
indicating a disorder of the liver, the cephalin floc-
culation test was negative. The diagnosis in this
case, therefore, seexms doubtful. The data on the
whole suggest that hypercholesterolemia in hepa-
titis is an indication that the inflammatory condi-
tion has involved the bile ducts, causing obstruc-
tion. Whether this is a distinctive feature of cer-
tain types or stages of hepatitis is a suitable sub-
ject for inquiry.

In patients with typical portal cirrhosis, choles-

terol was usually normal or low. In the cases with
atypical portal cirrhosis, it lay in the same general
range, although the average concentrations were
somewhat higher. This difference depends largely
on the inclusion in this group of certain cases.
The patient with calcified adhesive pericarditis,
despite intractable ascites, hepatomegaly and
splenomegaly, had a normal serum lipid pattern
throughout. This case accounts for 7 of the cho-
lesterols above 160 mgm. per cent. Two others
are contributed by another patient with heart fail-
ure. Three are from the patient who had dilated
pancreatic ducts, and 1 from 1 of the patients with
previous cholecystectomy. In 1 instance, the cho-
lesterol rose from 129 to 179 mgm. per cent under
therapy. Among the typical cases, 3 of the cho-
lesterols above 160 mgm. per cent are from a pa-
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For interpretation.of the symbols, see Figure 2.

30.

L20
L
a,

.-

L
o. lo

w
2

;0 0

-30
L

4-

z
20~

10

* *x x

x

K%

700 800

xXX
X X

x

628

x



LIPIDS OF SERUMAND LIVER IN HEPATIC DISEASES

tient who had successive values of 189, 185, 161,
and 125 mgm. per cent. This probably illustrates
the usual course of the disease. In 3 cases, how-
ever, the cholesterol rose in the course of the dis-
ease. In 1 instance a rise from 143 to 225 mgm.
per cent marked a period of improvement in which
ascites, previously requiring frequent paracentesis,
was controlled by diet and diuretics. A rise from
154 to 208'mgm. per cent in another case attended
symptomatic improvement. The third, when first
seen, extremely malnourished, had a cholesterol of
only 64 mgm. per cent. This rose to 112 and then
to 229 mgm. per cent. Despite the fact that this
woman died of a ruptured esophageal varix and
suffered, besides, from heart failure, she never
developed any considerable ascites. At autopsy,
the liver was not characteristic of portal cirrhosis.
Instead, there was a focal fibrosis, while the cells
and architecture of most of the organ were well
preserved.

The figures in biliary cirrhosis above 300 mgm.
per cent are all from 1 patient who had also dia-
betes and necrobiosis (see Protocol 44700). Her
course will be discussed in detail elsewhere. The
patient with a cholesterol of 285 mgm. per cent
also had a long-standing history of biliary stasis.
Another patient with a similar condition had cho-
lesterols of 167 and 177 mgm. per cent. It is
known that cholesterol was 230 and 254 mgm. per
cent 11/2 years and 1 year earlier, respectively.
Another with an acute history had a cholesterol
of 207 mgm. per cent 2 weeks before death. The
2 cases with cholesterol below 150 mgm. per cent
died after prolonged courses, in cachetic states, 1
with extreme recurrent ascites. The condition of
the atypical cases can be judged from the sketches
of their records given in the protocols. It may
be inferred that recurrent or partial biliary ob-
struction gives rise to hypercholesterolemia which
diminishes as hepatic destruction progresses, ulti-
mately giving way to terminal hypocholestero-
lemia, either as a result -of the extreme malnutri-
tion or the loss of liver parenchyma.

In this connection, although serum proteins may
seem irrelevant to a discussion of lipids, they may
throw some light on the effect of malnutrition. It
must be recognized, however, that they are cri-
teria of nutrition in a special sense only. Much
emphasis has been placed upon hyperglobulinemia
in cirrhosis. In the present series (see Figure

2A), serum globulin was below 3 per cent 7 times
in typical portal cirrhosis, 4 per cent or above 14
times, and 3 to 4 per cent 9 times. Corresponding
figures for atypical cirrhosis were 10 below 3 per
cent, 6 above 4 per cent, and 9 between 3 and 4
per cent. In addition, globulin exceeded 4 per
cent 5 times in biliary cirrhosis, 3 times in active
acute hepatitis, 3 times after recovery, and once in
biliary obstruction. Hyperglobulinemia is not,
therefore, a reliable diagnostic sign of portal cir-
rhosis. Serum albumin is reduced (less than 4
per cent) in most patients with liver disease (see
Figure 2B). Although the lowest figures coincide
with low cholesterol, there is no direct correlation
between the 2 variables, nor is albumin consis-
tently depressed in any particular disease. It is
probably determined rather by the nutritive state
of the patient.

Although attention in the past has been confined
chiefly to cholesterol, phospholipid (12) is quite
as much disturbed in diseases of the liver. In
general, the 2 follow one another, rising and fall-
ing together. Figure 1 suggests that diseases are,
perhaps, a little more sharply differentiated into
categories by means of phospholipids than by cho-
lesterol. The parallelism between phospholipids
and cholesterol is well illustrated in Figures 4
and 5.

About the concentration of neutral fat in the
serum, both in diseases and in experimental dis-
orders of the liver, little can be found in the litera-
ture (12). Statements about this lipid compo-
nent are based chiefly upon determinations of total
lipids or total fatty acids. The latter are peculiarly
unreliable measures of neutral fat in conditions
in which, as in liver disease, the concentrations of
phospholipids and cholesterol esters are greatly
altered. From Figure 1, it appears that concen-
trations of neutral fat are not high in the serum
of most patients with liver disease. In only 2
instances did neutral fat rise to the maximum
encountered in normal subjects (4). Neutral fat
is, however, high in biliary obstruction and in in-
fectious hepatitis, as compared with cirrhosis and
toxic hepatitis in which it is usually comparatively
low. From Figures 4 and 5, it will be seen that
in both biliary obstruction and in some cases of
infectious hepatitis neutral fat rises, to fall again
as the obstruction is relieved or the icterus sub-
sides. Neutral fat is, of course, estimated on the
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TRANSCAPILLARY WATERMIGRATION IN PULMONARYVESSELS

TABLE IV

Thiocyanate loss from the lung capiUary bed in normal
subjects and patients with pumonary

congestion due to heart failure

Normal subjects Congestive faflure patients

Time Time
after after
dye Per cent loss of SCN dye Per cent loss of SCN

appear- (7 subjects) appear- (7 patients)
ance ance

(secoxds) Average S.D. (secoxds) Average S.D.

5 2.5 :17.4 5 8.5 410.9
7 4.5 A4.1 7 14.5 413.9
9 8.5 45.9 9 11.4 i 3.7

11 9.3 A-3.1 11 16.3 + 7.0
13 9.3 47.4 13 11.7 i 5.3

15 11.6 i 8.9
17 9.7 + 4.6
19 11.9 + 3.2
21 12.3 A 4.8
23 9.0 411.6
25 15.0 - 0.0
27 10.7 + 4.5

less than 20 per cent in the patients with pulmo-
nary congestion. Since the loss of thiocyanate is
small throughout the circulation period it would
seem to suggest an inherent difference in the per-
meability of the lung capillary walls to this ion as
compared to the forearm. Should the small loss
be due only to a very small interstitial space, it
would be expected that the losses would be higher
during the first part of the circulation rather than
constantly small throughout. The slightly higher
loss in the congested lung as compared with the
normal lung can probably be explained on the ba-
sis of slight increase in permeability and/or slightly
greater area available for diffusion. The relative
impermeability of the lung capillaries to the elec-
trolytes, Na and I- has been suggested by the
work of other investigators (9), and seems, there-
fore, to be a characteristic of the pulmonary capil-
lary bed.

The relation between the extravascular D2O
space and the pulmonary blood flow in the normal
patients (Figure 3) suggests that the extravascu-
lar water space may be dependent upon the func-
tioning capillary bed and may perhaps serve as
an index of its size. Studies are now in progress
in normal subjects to determine whether the ex-
travascular D2O space will change in the presence
of induced variations in pulmonary blood flow.

SUMMARY

By employing a technique of injection into a
basilic vein or pulmonary artery of a mixture of

non-diffusible and diffusible substances and sam-
pling during the period of first circulation from
the femoral artery the following observations were
made in man with regard to passage of deuterium
oxide and thiocyanate ion through the pulmonary
capillaries in seven normal subjects and seven pa-
tients with pulmonary congestion due to heart
failure:

1. Deuterium oxide freely and rapidly passed
through the pulmonary capillary walls.

2. When the transcapillary loss of D20 was
plotted against time, the curve obtained differed
markedly from that found previously in the fore-
arm (7) and indicated a small pulmonary extra-
vascular tissue space.

3. Quantitative estimation of the extravascular
water space of the lung indicated a mean value
of 190 cc. in the normal subjects and of 290 cc.
in the patients with congestive heart failure. In
normal, but not in cardiac patients, the size of
the pulmonary extravascular D20 space appeared
to be related to the pulmonary blood flow.

4. Thiocyanate ion in contrast to the previously
observed large transfer through forearm capillaries
left the pulmonary capillaries in only small
amounts in the normal patients and in only slightly
greater amounts in the patients with congestive
failure. An analysis of these findings suggests a
relative impermeability of the lung capillaries as
compared to the forearm capillaries with respect
to this ion.
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